We describe a method to assign a protein structure to a functional family using family-specific fingerprints. Fingerprints represent amino acid packing patterns that occur in most members of a family but rare in the background, a non-redundant subset of PDB; their information is additional to sequence alignments, sequence patterns, structural superposition and active site templates.
Introduction
Structural genomics projects (Burley, 2000) have generated structures for many proteins of unknown function.
Function for these so-called hypothetical proteins is traditionally inferred from sequence similarity or overall structure similarity. Structural genomics targets, however, are selected to avoid sequence similarity so as to sample the protein "structure space:" a quarter of structural genomics proteins deposited by May 2005 had less than 30% sequence identity and DALI Z-scores (Holm & Sander, 1996) less than 10 with proteins of known function (Bandyopadhyay, 2005) . Other inference tools are needed for these orphan protein structures.
Recently, methods have been developed to infer function from local structural similarity, without relying on sequence and overall structure similarity. Aloy et al. (2001) found that conserved geometric packing patterns of a few residues are often responsible for protein function, and finding them can lead to more accurate function inference than obtained by structural homology. Laskowski et al.
(2005b) developed SiteSeer's reverse template method, which also searches for conserved packing patterns within protein structures. Other recent methods find functionally important residues using computed chemical properties (Ko et al., 2005) , careful alignments (Pegg et al., 2005) , evolutionary information (Wang & Samudrala, 2005) , and computational protein design (Cheng et al., 2005) . Still other methods use Gene Ontology (Gene Ontology Consortium, 2004 ) as a reference to define function, such as ProKnow (Pal & Eisenberg, 2005) and PHUNCTIONER (Pazos & Sternberg, 2004) . A recent review (Ofran et al., 2005 ) covers these and other structure-based function prediction methods.
Graph representations of protein structure allow more flexibility than rigid templates in representing and matching structural motifs.
Earlier methods used graph representations to search for known structure patterns (Artymiuk et al., 1994; Stark & Russell, 2003) , or determine patterns with limited topology, such as cliques, from groups of proteins (Wangikar et al., 2003; Milik et al., 2003) . Using frequent subgraph mining, Huan et al. (2004 Huan et al. ( , 2005 defined family-specific fingerprints as those packing patterns that are frequent within a family of protein structures but rare within the background. Using serine protease and kinase families, they showed that fingerprints often cover functionally important residues and can distinguish between proteins from similar families.
In this paper, we propose a new method for function inference that uses family-specific fingerprints automatically derived from SCOP families (Murzin et al., 1995) .
The method searches for fingerprints within a new structure using fast subgraph isomorphism (Ullman, 1976) , and assigns a significance score to family membership using the distribution of fingerprints found in members of the family and in the background. Its strength is in distinguishing between proteins with related and similar functions.
Our method does not restrict pattern graph types, or assume the functional sites are known. Each fingerprint is statistically linked to its family, and our consensus approach using multiple fingerprints improves the accuracy and specificity of function inference. Families with different function but similar structure can be distinguished, since the fingerprints tend to identify functionally important parts of a protein. In contrast, methods based on Gene
Ontology suggest broader functional categories more than specific functional families (Pazos & Sternberg, 2004; Pal & Eisenberg, 2005) .
Results
We derived family-specific fingerprints for proteins in 120 SCOP families using a background of 6,749 nonredundant proteins, as described in the Methods section.
After this, we examined the family specificity of the fingerprints, then classified new protein structures by identifying cases of functional similarity with and without overall structure similarity, and inferred function for orphan structures from structural genomics targets.
Fingerprint occurrence in family and background:
To test the uniqueness of a family's fingerprints, and establish significance of function inference, we examined the frequency of family-specific fingerprints in the back- by fingerprints in both 1twu and 1ecs, which suggests that fingerprints cover functionally important residues. When the structural similarity of 1twu was re-evaluated in May 2005 using the current DALI database, it was found to be similar to a protein 1nki that was unclassified in SCOP 1.65 but has been added to the antibiotic resistance protein family in SCOP 1.67. This discovery of homology to a newly classified member of the family corroborates our function inference.
Discussion
Our method of using family-specific fingerprints to infer function for proteins was designed to be robust: the graph construction takes into account natural imprecision in coordinates, and using multiple local motifs as fingerprints accommodates remaining representation errors and flexibility in functional sites. The method is also designed to give information that is not implied by sequence patterns, structural alignments, and templates of known functional sites. Thus, not only may it succeed as a standalone method where other methods may fail, but it may also be profitably used in consensus with other methods.
The successful function inference for new members of SCOP families validates the predictive power of fingerprints; the success rate of 65% for choosing the correct family is high considering that there are functional outliers among existing and new members of SCOP families, and considering that sequence methods could pick the correct family only 53% of the time.
The function discrimination within the TIM barrel fold, and the inference of YcdX as belonging to the sequencediverse metallo-dependent hydrolase family despite its different fold, indicate that the packing patterns in fingerprints do capture information that is specific to a functional family, rather than shared structural information.
We have seen that the fingerprints detected in YcdX cover its functional regions; this can be attributed to the fact that SCOP families often share a function, and superfamilies often share aspects of function. Our subgraph mining finds fingerprints that characterize the shared local structures exclusive to each family. Our method can also derive fingerprints for intentionally functional classification systems, such as EC (Bairoch, 2000) or GO (Gene Ontology Consortium, 2004); we will report these results in the near future.
We have observed annotations that initially appear to disagree with our inferences, sometimes because the an- The designed robustness of our method suggests that it could be used to predict function from the sequence level using either good quality predicted structures, or sequence patterns derived from fingerprints whose sequence order is preserved within a family. Investigations in this direction are ongoing. 
Materials and Methods
Our method initially finds and calibrates fingerprints (steps 1-4) using the FFSM subgraph mining program from (http:
//www.cs.unc.edu/~huan/FFSM/). Then there are two steps (5-6) for each function inference. These are implemented in MATLAB. and at most 5% of the background (background occurrence).
The aim for families in our dataset is to have 10-1000 fingerprints; the support and background occurrence are adjusted for small or heterogeneous families until the number of fingerprints is in this range.
Search for Fingerprints in Query:
We use a graph similarity index to speed up the subgraph isomorphism algorithm of Ullman (1976 we can determine the rates of true and false positives and negatives, calculate specificity and sensitivity, and draw ROC curves as shown in the inset of Figure 1 (a)-(b). We choose two cutoff points for each family: a sensitivity cutoff to maximize sensitivity with at least 95% specificity, and a higher 99%-specificity cutoff with no constraints on sensitivity.
Electronic Supplementary Material: Table I Table I : Left: The SCOP families used to define distance edge fingerprints, shown as SCOP ID, node type (fa=family, sf=superfamily), family description and number of 90% nonredundant structures in the family. Exception: Simple edge fingerprints are shown for Metallo-dependent Hydrolases, as discussed in the paper. Middle: Fingerprints were obtained with default mining parameters -distance threshold 8.5
• A, AD(0.1) graph representation with 17 amino acid labels (V,A,I,L merged); by default family support(f ) was 0.8, background occurrence(b) was 0.05 and density(d) was at most 1 edge missing from a clique. Non-default values of these parameters are shown, along with the number of fingerprints obtained after mining. Right: Using the ROC curve from the distribution of fingerprints in the background, cutoff points were determined for each family based on sensitivity and on 99% specificity; they are listed along with the coverage (sensitivity) for the family at that number of fingerprints. Table III: The families from Table II for which none of the new members were inferred; the number of fingerprints in each new member and the sensitivity cutoff points are also shown. The rightmost column gives the number of proteins whose function can reliably be inferred from sequence alone; this is usually low for these families. Table IV: The families from Table II for which all new members added in SCOP 1.67 were inferred using fingerprints of the SCOP 1.65 family, and there were either no other functions inferred (top half of tables) or there were no other functions inferred with 99% specificity or with higher specificity than the family fingerprints (bottom half, italics). The rightmost column gives the number of proteins whose function can reliably be inferred from sequence alone.
